Yeast strains were isolated from dried sweet potatoes (hoshi-imo), a traditional preserved food in Japan. Dough fermentation ability, freeze tolerance, and growth rates in molasses, which are important characteristics of commercial baker's yeast, were compared between these yeast strains and a commercial yeast derivative that had typical characteristics of commercial strains. Classification tests including pulse-field gel electrophoresis and fermentation/assimilation ability of sugars showed that almost the stains isolated belonged to Saccharomyces cerevisiae. One strain, ONY1, accumulated intracellular trehalose at a higher level than commercial strain T128. Correlated with intracellular trehalose contents, the fermentation ability of high-sugar dough containing ONY1 was higher. ONY1 also showed higher freeze tolerance in both low-sugar and high-sugar doughs. The growth rate of ONY1 was significantly higher under batch and fedbatch cultivation conditions using either molasses or synthetic medium than that of strain T128. These results suggest that ONY1 has potential commercial use as baker's yeast for frozen dough and high-sugar dough.
Baker's yeast, Saccharomyces cerevisiae, is a necessary food microorganism for bread baking. The main functions of baker's yeast in bread baking are (i) to increase dough volume by the evolution of gas during fermentation of the available sugars in dough, (ii) to develop structure and texture in the dough by the stretching effect of the expansion due to gas production, and (iii) to add a distinctive flavor. [1] [2] [3] Although many types of baker's yeast products are distributed, it is still desirable that yeast strains with higher stress tolerance and superior growth characteristics in molasses be developed. 4) The development of baker's yeast strains with such superior characteristics must improve the processes of bread making and baker's yeast propagation. 4, 5) We considered that isolation of yeast strains, which have unique characteristics, from various natural resources should be important for the development of novel yeast strains. Yeast strains that have unique characteristics can also be used as biological materials for breeding. Because frozen bread dough and, in particular, frozen high-sugar dough production have increased, osmotolerance and freeze tolerance are necessary characteristics in recent bread-baking processes. 4) High concentrations of sugars are included in sweetened buns made from high-sugar dough, causing considerable inhibition in yeast fermentation activity. To overcome this inhibition in high sugar dough, osmotolerance is necessary for baker's yeast. [4] [5] [6] Frozen dough processes have been accepted in commercial baking due to several advantages, such as improvements in the baking process and the supply of fresh-baked products to both manufacturers and consumers. 7, 8) The yeast strains should therefore have a capability for long-term storage under frozen conditions without a decrease in gassing power after thawing. 9, 10) Freeze-tolerant yeasts, which are suitable for frozen dough, have been developed by using various approaches, such as isolation from nature, mutation, and molecular genetics. [11] [12] [13] [14] [15] [16] Intracellular trehalose (-D glucopyranosyl (1-1) D-glucopyranoside) is widely believed to be a critical determinant of stress tolerance in baker's yeast. 11, 12, 17, 18) Almost all freeze-tolerant and osmotolerant yeasts have higher levels of intracellular trehalose. 11, 12, 18, 19) Cellular levels of trehalose are controlled by a balance between synthesizing and hydrolyzing enzymes. 17, 20, 21) Because of economic reasons, it is desired that yeast strains that have rapid growth rates and high cell recovery in molasses be developed. 6) Yeast biomass is grown on a variety of energy-yielding carbon compounds, phosphate sources, and nitrogen sources in aerobic fed-batch culture systems. 6, 22) Cane molasses is commonly used for baker's yeast production because it contains sugar and certain vitamins and minerals, and because it is relatively inexpensive. 2, 6, 22) Higher growth rates and cell recovery of baker's yeast in molasses might save energy in the commercial propagation process.
Although many attempts at isolation and breeding of commercial baker's yeast have been made, 5, 6) it is necessary to isolate novel yeast strains that contain unique characteristics such as growth and stress tolerance to use as commercial strains or genetic materials for breeding. The aim of this study was to isolate yeasts from unique natural resources and then to characterize the isolated yeasts. Because the free sugar concentration of a dried sweet potato (hoshi-imo) is presumably high, we expected that yeast strains that have osmotolerant and superior growth characteristics might be isolated. Therefore, in this study, we focused on yeast strains isolated from dried sweet potatoes. Dried sweet potatoes are a traditional preserved food in Japan made by boiling in water and then drying in the sun, typically for 3 d. We isolated yeast strains and evaluated their growth characteristics, fermentation ability in dough, and freeze tolerance. We also found a higher level of trehalose accumulation in certain strains.
Materials and Methods
Medium and cultivation conditions. 23) The assimilation test media contained 1.7 g of yeast nitrogen base without amino acids or ammonium sulfate (Difco), 5 g of ammonium sulfate, and 10 g of various sugars, including glucose, raffinose, melazitose, galactose, glycerol, maltose, D-glucosamine, sucrose, manitol, and cellobiose (per liter). The fermentation test media contained 4.5 g of yeast extract, 7.5 g of peptone, and 20 g of various sugars, including sucrose, maltose, galactose, glucose, and lactose (per liter). Cultivation was done at 30 C unless otherwise stated. Fed-batch cultures were done using cane molasses by the method described previously. 12) In brief, mini-scale fed-batch culture was done using a jar fermentor (1-liter, B.E. Marubishi, Tokyo, Japan) and a peristalic pump (EYELA, Tokyo, Japan) with a sequential controller (B. E. Marubishi). Seed culture (1.2 g of yeast) was inoculated into 330 ml of starting medium and cultivation was done at 30 C with continuous feeding with 350 ml of molasses (5.2% sugar) for 20 h. The starting medium contained 5.6 g of urea, 0.8 g of KH 2 PO 4 , 0.2 g of (NH 4 ) 2 SO 4 , and 0.4 g of MgSO 4 (per liter).
Isolation of S. cerevisiae strains from dried sweet potatoes. Yeast strains were isolated using the enrichment culture method from dried sweet potatoes. In brief, dried sweet potatoes were suspended in YPD or YPS liquid media containing chloramphenicol at a concentration of 100 g/ml. The reason for the chloramphenicol addition was to inhibit enrichment of bacteria contained in dried sweet potatoes. Cultivation was done for 3-5 d at 30 C. Yeast cells enriched in liquid medium were transferred onto YPD agar medium.
Electrophoretic karyotype. The basic procedure for chromosomal DNA preparation and electrophoresis was that of Vaughan-Martini et al. 24) The gel was prepared with 0.5% TBE buffer and 1% agarose. The system used was a CHEFF-DRII gel electrophoresis apparatus (Bio-Rad). The bands that appeared in the gel were tentatively assigned based on the reports of VaughanMartini et al.
24)
Taxonomic characterization of isolated strains. In addition to the electrophoretic karyotype determination, three assays were used to determine if the isolated strains belonged to Saccharomyces cerevisiae: in brief, (i) morphological analysis of vegetative cells and spores, (ii) an assimilation test of various sugars, and (iii) a fermentation test of various sugars. Morphological analyses of vegetative cells grown on YPD medium and spores formed on McClary medium were carried out using phase-contrast microscopy (LEICA DMLB system). The assimilation test was carried out as follows. Yeast cells were inoculated into assimilation test media at a concentration of 10 6 cells/ml and then incubated at 25 C. The growth of the cells was observed after 2 or 3 d incubation. The fermentation test was carried out as follows. Durham tubes (small test tubes approximately 150 mm in length and 12 mm in diameter) were inserted upside down into fermentation test media. Yeast cells were then inoculated into liquid fermentation media including various kinds of sugars and then incubated for 1 h at 25 C. CO 2 gas trapped in the Durham tubes was monitored.
Preparation of compressed Yeast cells for determination of characteristics. Yeast cells for characterization were obtained by mini-scale fed-batch culture, as described above. The yeast cells were harvested by centrifugation (5,000 Â g, 10 min) and washed twice with distilled water. The washed cells were placed on a porous plate (Nikato, Sakai, Japan) and kept for 60 min at 4 C for dehydration. The moisture content of the cells decreased to a nearly constant level of 67% after 60 min of dehydration.
Assay for abilities in dough fermentation, dough leavening, and liquid fermentation of isolated yeast strains. The fermentation ability and leavening ability of low-and high-sugar doughs containing the isolated yeast strains was assayed. The formula for low-sugar dough was 100 g of bread-making flour (13.5% moisture basis), 5 g of sucrose, 2 g of NaCl, 2 g of yeast (67% moisture basis), and 67 ml of water. These ingredients were mixed for 3 min with a Swanson type mixer (National Mfg. Co., Ltd., Sterling, U.S.A). For determination of fermentation ability, mixed dough was divided into pieces (34 g each) and the volume (in milliliters) of CO 2 gas produced from each piece at 30 C was measured every 10 min using a Fermograph AF-1000 (Atto Co., Tokyo, Japan). For determination of the leavening ability of low-sugar dough, mixed dough was put into a graduated cylinder and fermented at 30 C for 60 min and then the volume (in milliliters) of the fermented dough was measured. The fermentation and leavening ability in high-sugar dough were determined using the same methods used for low-sugar dough except for the dough formula and fermentation time. The high-sugar dough formula was 100 g of bread-making flour, 30 g of sucrose, 0.5 g of NaCl, 3 g of yeast, and 54 ml of water, and the fermentation time was 80 min. Liquid fermentation ability partly represented dough fermentation ability and was suitable for evaluation of fermentation ability using a small amount of yeast cells (<1 g). 11, 12) LF10 (10% sucrose) and LF40 (40% sugar) media were used in the liquid fermentation assay. Fermentation ability in LF10 and LF40 represented the fermentation ability of low-sugar and high-sugar doughs respectively. Liquid fermentation was carried out using 0.165 g of yeast at 30 C.
Assay for freeze tolerance of dough. The freeze tolerance of low-and high-sugar doughs containing the isolated yeast strains was assayed. The formulas of the two doughs were the same as those described above for the fermentation and leavening ability assays except for the amount of yeast. In the freeze tolerance assay of lowand high-sugar doughs, 4 g and 6 g of yeast were used respectively. The ingredients were mixed for 3 min and the dough was divided into pieces (50 g each) and kept in polyethylene bags. The dough pieces were prefermented for 60 min at 30 C before freezing at À20 C. The frozen dough was thawed for 30 min at 30 C before CO 2 gas production was measured using a Fermograph AF-1000. Freeze tolerance was expressed as the ratio of gassing power before and after freezing.
Trehalose determination. Intracellular trehalose contents were measured using HPLC equipped with a Senshu Pak NH 2 -300 column and a refractive index detector (Shimadzu RID-6A). Trehalose contents were expressed as % of dry cell weight from the three independent measurements.
Results and Discussion
Isolation and taxonomic characterization of yeast strains from dried sweet potatoes
Five yeast strains (ONY1-5) from dried sweet potatoes were isolated using the enrichment culture method with YPS medium. To determine whether these strains belonged to Saccharomyces, we investigated electrophoretic karyotypes of the strains by pulse-field gel electrophoresis (Fig. 1) . Based on the report of Vaughan-Martini et al., 24) these strains, except for strain ONY5, should be considered strains of the Saccharomyces sensu stricto complex. We carried out further identification tests including fermentation and assimilation analyses of various sugars and microscopy analysis. The fermentation test showed that strains ONY1, ONY2, ONY3, and ONY4 were able to ferment glucose, maltose, and sucrose. The assimilation test showed that the four strains were able to assimilate glucose, maltose, sucrose, galactose, raffinose, and melezitose. The fermentation and assimilation characteristics of these strains were identical to those of Saccharomyces cerevisiae. 25, 26) Microscopy analyses of ONY strains cultivated on YPD medium and McClary sporulation medium revealed budding proliferation on YPD medium, and revealed asci with 2 or 3 ascospores on sporulation medium (data not shown). Although 4 ascospores were not detected in an ascus, these morphological characteristics were identical to those of S. cerevisiae. 26) These data suggest that strains ONY1, ONY2, ONY3, and ONY4 belong to S. cerevisiae, a yeast commonly used in bread baking.
22)
Comparisons of fermentation and leavening ability of strain ONY1 with a typical yeast strain of commercial baker's yeast
To characterize the fermentation ability of the strains isolated, we searched for a typical commercial baker's yeast strain for use as a control, one which has average characteristics of fermentation and freeze tolerance among commercial baker's yeast strains. Liquid fer- mentation ability, which partly represents dough fermentation ability, 27) and the freeze tolerances of various commercial baker's yeasts used in Japan are shown in Table 1 . We chose strain T128 as a control for characterization of the strains isolated, because it showed nearly equal or higher levels of liquid fermentation ability under low-and high-sugar conditions and freeze tolerance. The growth characteristics of T128 were also nearly the same as those of almost all commercial strains (data not shown). In further analyses, we used strain T128 as a control strain.
To determine CO 2 production ability as an indicator of fermentation ability and dough expansion ability as an indicator of leavening ability, we obtained yeast cells of ONY strains and T128 by fed-batch cultivation using molasses as a carbon source, simulating commercial baker's yeast production. The fermentation ability of the yeast cells obtained in low-sugar dough (5% sucrose) and high-sugar dough (30% sucrose) were measured. The fermentation ability of strain ONY1 is shown in Fig. 2 . The fermentation ability of ONY1 in high-sugar dough was approximately two times higher than that of T128 ( Fig. 2A) . In contrast, the fermentation ability of ONY1 in low-sugar dough was approximately 10% lower than that of T128 (Fig. 2B ). Closely correlated with fermentation ability, ONY1 showed higher leavening ability in high-sugar dough and lower leavening ability in low-sugar dough as compared with strain T128 (data not shown). These data suggest that ONY1 has high osmotolerance and is suitable for baking of highsugar dough. The other ONY strains showed lower fermentation and leavening abilities than strain T128. In further analyses, we focused on strain ONY1.
Freeze tolerance of strain ONY1
The freeze tolerance of ONY1 was assayed because this is an important characteristic in recent baking processes.
10) Low-and high-sugar doughs containing ONY1 and T128 were prepared. The dough was kept frozen for 2 weeks following on 60 min of prefermentation. After thawing, the fermentation ability of the doughs was measured and freeze tolerance was expressed as the percentage of fermentation ability remaining (Table 2 ). Both the low-and high-sugar doughs containing ONY1 retained a higher level of fermentation ability compared with doughs containing High-sugar dough (A) and low-sugar dough (B) containing ONY1 or T128 were prepared, then CO 2 gas production was monitored every 10 min for 300 min. T128. These data strongly suggest that ONY1 has higher freeze tolerance and is suitable for frozen-dough baking.
Intracellular trehalose contents of strain ONY1
The data for fermentation ability and freeze tolerance suggest that ONY1 has both osmotolerance and freeze tolerance. A critical determinant of osmotolerance and freeze tolerance is believed to be the intracellular trehalose content of the yeast cells. 11, 28) ONY1 accumulated 13.25% of trehalose in the stationary phase, whereas T128 accumulated only 4.35%. Even in the exponential phase, ONY1 contained 2.35% of trehalose. In general, high levels of trehalose accumulation in exponential phase cells of S. cerevisiae have not been observed. 11, 12, 17) In fact, no trehalose accumulation of logarithmic cells of T128 was detected (0:1%>). These data suggest that the high level of osmotolerance and freeze tolerance of ONY1 might be due to higher accumulations of intracellular trehalose.
Growth characteristics of ONY1 in molasses medium or synthetic medium during batch and fed-batch cultivation Growth characteristics in molasses medium are important for commercial baker's yeast strains because molasses medium is commonly used for propagation of commercial baker's yeasts. The growth characteristics were assessed by measuring optical density, colony forming unit, and dry cell weight during batch or fedbatch cultivation in molasses and synthetic media. The growth characteristics of ONY1 in molasses and synthetic media under the batch cultivation condition were measured and then compared with those of commercial baker's yeast strain T128 (Fig. 3A) . In both molasses and synthetic medium, ONY1 showed a higher growth rate and higher maximum growth than T128 (Fig. 3A) . To simulate commercial baker's yeast production, we measured the growth characteristics of these strains in molasses medium during fed-batch cultivation (Fig. 3B) . The growth rate of ONY1 was higher than that of T128, and the optical density of ONY1 reached approximately OD 660 ¼ 40, whereas that of T128 was approximately OD 660 ¼ 20. Correlated with changes in optical density, colony forming unit (Fig. 3C) , and dry cell weight (data not shown) of ONY1 showed much higher levels than those of T128. These data suggest that ONY1 has growth characteristics suitable for commercial propagation of baker's yeast products.
ONY1 showed higher osmotolerance and freeze tolerance compared with typical baker's yeast strain T128. Because dried sweet potatoes contain a high amount of free sugar, ONY1 might be adapted to an environment of high osmolarity. Adhesion of ONY1 to dried sweet potatoes by chance was also a possible reason for the isolation of ONY1. One reason for the high osmotolerance of ONY1 might be a higher accumulation of intracellular trehalose, which is believed to be a determinant not only for osmotolerance but also for freeze tolerance. 11, 18) Intracellular trehalose might function as a cryoprotectant in strain ONY1. ONY1 accumulated trehalose even in the exponential phase. That characteristic is important for frozen-dough baking, because pre-fermented dough containing cells in the exponential phase is usually frozen in frozen-dough baking processes. 29) Several research groups have reported the isolation of yeast strains suitable for the frozen-dough method from various natural resources and have characterized them. [29] [30] [31] [32] Hino et al. reported that a freeze tolerant S. cerevisiae strain (FRI413) was isolated from banana peels and that it showed freeze tolerance and a higher level of trehalose content. 29) Banana peels may contain high levels of free sugar, similarly to dried sweet ONY1 and T128 were cultivated by batch cultivation using molasses medium and synthetic medium (A) and by fed-batch cultivation using molasses medium (B). In Fig. 3A and B, growth was monitored by measuring optical density at 660 nm at the indicated times. Growth was also monitored by colonies forming unit (C). In (A), the symbols used are: open circle, ONY1 grown in molasses medium; closed circle, ONY1 grown in synthetic medium; open triangle, T128 grown in molasses medium; closed triangle, T128 grown in synthetic medium. In (B) and (C), the symbols used are: open circle, ONY1; closed circle, T128.
potatoes. It is possible that natural resources including high levels of free sugars are suitable for isolation of freeze tolerant S. cerevisiae strains. Although strain FRI413 accumulated a high level of intracellular trehalose and showed freeze tolerance, the osmotolerance of FRI413 was lower than that of commercial yeast. In contrast to FRI413, strain ONY1 showed a high level of both freeze tolerance and osmotolerance. ONY1 should be more suitable for frozen high-sugar dough than FRI413. Almeida and Pais isolated yeasts including S. cerevisiae and Torulasopara delbureckii from traditional corn and rye bread doughs which contained relatively low levels of free sugars. 30) Although the experimental conditions differed from those in our study, the freeze tolerance of S. cerevisiae strains isolated from bread doughs might be relatively low. Hahn and Kawai isolated several freeze tolerant Torulaspora delbruekii strains from various resources, including soil, grain, fruits, and flowers. 31) Oda and Tonomura also showed that Trulaspora yeasts had strong freeze tolerance. 32) In our study, putative Torulaspora strains were also isolated (data not shown), but we did not carry out detailed analyses of Trulaspora.
In addition to osmotolerance and freeze tolerance, ONY1 showed superior growth characteristics in molasses and synthetic media. For commercial use of yeast strains, the growth rate and cell recovery of yeast strains are important for economic reasons. 2, 6) In particular, assimilation of molasses is critical in the selection of commercial baker's yeast strains.
In this study, the characteristics of ONY1 were measured and then compared with those of typical commercial baker's yeast strain T128 (Table 1 ). All measured characteristics except for the fermentation ability of low-sugar dough containing ONY1 were superior to those of T128. These results strongly suggest that strain ONY1 is suitable for commercial use or for breeding material for commercial strains used in highsugar dough baking and frozen-dough processes. Although the low fermentation ability of low-sugar dough in ONY1 remains unexplained, we expect that the low fermentation ability of low-sugar dough can be supplemented by breeding procedures.
